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Abstract

Insects’ cold tolerance during their development is a surprisingly understudied subject in ecology,
despite the fact that subzero temperatures during the growing season are common at high altitudes
and latitudes. Subzero temperatures can have detrimental effects on organisms, restricting a species’
range. This study addresses the question whether night frosts during the growing season have an
instant or delayed negative impact on larval mortality of the Colorado potato beetle, Leptinotarsa
decemlineata (Say) (Coleoptera: Chrysomelidae). We also tested whether populations from the centre
(Poland) and margins (Russia) of the distribution range of L. decemlineata differ in their responses to
subzero exposure and a low rearing temperature. Larvae of three ages were subjected to a subzero
temperature (—4 °C for 3 h simulating night frost) twice, after which they were reared on a fluctuat-
ing temperature regime of 10-15 °C. These rearing conditions imitated cool summer temperatures
beyond the beetles’ current range, such as in Finland. Individuals of both populations were highly
cold tolerant, as only 3.1% of larvae died immediately following the subzero treatment. Nonetheless,
the low rearing temperature was harmful to beetles of both populations. It caused high larval (ca.
90%) and overwintering (ca. 80%) mortality. As beetle performance was affected solely by rearing
temperature, low temperatures during the growing season rather than night frosts apparently retard
the beetle’s northern expansion.

the growing season (i.e., subzero temperatures due to night

Introduction

A precise understanding of the factors that limit a species
range is necessary to be able to predict changes in species
distribution (Griffith & Watson, 2006). Temperature plays
a major role in defining the geographic distribution of
insect species (Gaston, 2003; Chown & Nicolson, 2004).
The thermal range of a species is defined by the base tem-
perature needed to complete their development and the
lowest temperatures at which adults can survive. However,
climatic conditions in different ranges do not simply con-
sist of higher or lower average temperatures. Insects may
be exposed to temperature extremes even in the middle of
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frost) especially at high latitudes and altitudes. As sudden
frosts can be common, they can determine insect distribu-
tion and limit growth and reproduction (Jenkins &
Hoffmann, 1999; Inouye, 2000; Tesar & Scriber, 2002).
Although the establishment of insects in a given area might
be restricted by thermal extremes more than by average
temperature, the importance of extreme environmental
conditions in defining species borders has been neglected
in many studies (Gaston, 2009).

Testing the thermal limits of species borders involves
examining all of these factors. Although many physiologi-
cal studies have examined insect cold tolerance during
overwintering (e.g., Tullett et al., 2004; Turnock & Fields,
2005), perhaps because of its reputation as a key factor
limiting species distribution (e.g., Gaston, 2003; Crozier,
2004; Tullett et al., 2004; Valosaari et al., 2008), relatively
little is known about insect cold tolerance during
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development. Studies on cold tolerance during the grow-
ing season are needed because the responses of diapausing
individuals to cold cannot be compared with those of
non-diapausing individuals. Diapausing organisms are
typically more tolerant than non-diapausing ones (e.g.,
Sinclair, 1997; Worland & Convey, 2001). Moreover, cold
tolerance changes both with season (van der Merwe et al.,
1997; Worland & Convey, 2001; Koch et al, 2004;
reviewed in Danks, 2005) and developmental stage (Klok
& Chown, 2001). Thus, further information about cold
tolerance during the growing stages of an insect is needed
to render more reliable predictions about their ability to
invade new areas with harsh temperature conditions
(Gaston, 2009). Here, we examine the factors involved in
the thermal distribution limits of the Colorado potato
beetle, Leptinotarsa decemlineata (Say) (Coleoptera:
Chrysomelidae), by considering conditions beyond their
current limits during their developmental stages.

Leptinotarsa decemlineata has spread across large areas
worldwide including Europe, where its northern distribu-
tion limit in Russia is around 61°N (EPPO, 2006). How-
ever, there are still areas, like Scandinavia, where the
beetle’s host plant, potato, is cultivated but which do not
have permanent beetle populations. These unoccupied
areas have average summer temperatures that would enable
beetles to complete their development, indicating ecologi-
cally suitable invasion areas (Boman et al., 2008; Lyytinen
et al, 2008). Low summer temperatures (12-15 °C)
(Drebs et al., 2002) occurring every few years, however,
may not allow the beetles to successfully complete their
development in these areas (optimum temperature for
L. decemlineata development is 28 °C; Ferro et al., 1985).
Moreover, the impact of night frost during the growing sea-
son, which is common in the species’ theoretical invasion
range, on the beetle’s performance is unknown.

We tested the direct and delayed effects of subzero tem-
peratures on survival and life-history traits of various
developmental stages of non-diapausing L. decemlineata
from the centre (Poland) and margins (Russia) of the
beetles’ distribution range. Beetles were exposed to night
frost and reared at the low temperatures that occur beyond
their current northern range in Europe. We used very large
sample sizes (total n = 881), as larval survival was expected
to be very low near the threshold temperature (Ferro et al.,
1985; Tauber et al., 1988). The large sample size helped us
to assess whether even a fraction of individuals can survive
to adulthood under suboptimal conditions; we can thereby
gain more reliable data on the ability of the species to colo-
nize new areas with harsh temperature conditions.

In this study, we addressed the following questions: (1)
Do night frosts have an instant or delayed negative
impact on the larval mortality of L. decemlineata? Early
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developmental stages of insects are expected to be the most
susceptible to subzero temperatures (see Neven, 2004).
Dormant adult beetles are relatively cold-tolerant (Boiteau
& Coleman, 1996), but the cold tolerance of other develop-
mental stages is not known. (2) Are beetles able to com-
plete their life cycle at low temperatures (mean 10-15 °C)?
As we reared beetles under conditions found in areas
beyond their current northern border, their potential to
expand their range northward in Europe can be estimated
on the basis of these results. (3) Do populations from the
centre (Poland) and margins (Russia) of the distribution
range of L. decemlineata differ in their responses to subzero
exposure and low rearing temperatures? Individuals from
higher latitudes are usually more cold tolerant than those
from lower latitudes (see Chen & Kang, 2004; Bahrndorff
et al., 2006). The differences between populations would
suggest directional selection for increased cold tolerance
(Hoffmann & Blows, 1994), indicating that subzero
temperatures may be important as a limiting factor for a
species’ range.

Materials and methods

Beetles

Russian beetles represent the northernmost (marginal),
and Polish the central populations of L. decemlineata in
Europe (EPPO, 2006). The adult beetles used were over-
wintered descendants of field-collected individuals from
Russia (from four sites in an area of 150-200 km) around
latitude 59°N (northern Russia) and Poland (one site)
around latitude 54°N. Field-collected beetles were brought
to the laboratory and their offspring were maintained at a
constant 23 °C and, after overwintering at 5 °C, they were
paired randomly within populations (Russia: 39 females,
24 males; Poland: 17 females, 17 males). Eggs from these
matings were used in the experiment. Experimental larvae
used were the second laboratory generation, thereby mini-
mizing possible maternal effects (Mousseau & Dingle,
1991).

Average June—August temperatures at the collection
sites in Russia are in the range of 15-18 °C (observation
site: St. Petersburg) and in Poland, 16-18 °C (nearest
observation site: Szczecin), based on climatological data
from http://www.eurometeo.com. Not only lower tem-
peratures, but also night frosts during the growing season
are more likely in Russia than in Poland. The Russian
population has therefore potentially experienced selection
for increased cold tolerance.

Rearing conditions
Egg clutches and larvae were kept individually in Petri
dishes lined with paper and potato leaves in a controlled



94 Lyytinen et al.

environmental chamber (Type B1300; Weiss Umwelttech-
nic, Reiskirchen-Lindenstruth, Germany; temperature
tolerance range: 0.5 °C). Egg clutches were kept separately
at a constant temperature of 23 °C until they hatched. Lar-
vae were maintained under a variable regime in which the
temperature was 10 °C during the 4 h of dark, warmed up
to 15 °C during the 2 h of dawn, kept at 15 °C throughout
the 16 h of light, and returned to 10 °C during the 2 h of
dusk (average 13 °C). This photoperiod corresponds to
that of the northern range of L. decemlineata (based on
data from http://www.gaisma.com). The temperature
regime reflects cold summer conditions in Finland (Drebs
et al, 2002), conditions beyond the beetles’ current
northern border. The average summer temperature in
central Finland (62°N, 25°E) falls below 14 °C approxi-
mately every fourth summer (based on 60 years climatolo-
gical data from the Finnish Meteorological Institute; N
Niinimaki, pers. comm.). In 2008, for example, it was just
13.4 °C.

Cold tolerance of eggs

We studied the cold tolerance of the eggs by assessing their
hatching success after subzero exposure. In total, 48 egg
clutches from 14 females from the marginal population
were separated into four groups; one control group
(n = 12) and three experimental groups of eggs divided
according to age: 2-3 (n = 10), 5-6 (n = 15), or 8-9
(n = 11) days old. This was done to determine whether
susceptibility to —4 °C varies with egg age. Eggs in Petri
dishes lined with blotting paper were transferred directly
from the rearing temperature to —4 °C (mean *
SE = —4.3 £ 0.05 °C) for 6 h on two consecutive days
during the night period. This subzero treatment was
equivalent to night frosts, which occur in the summertime
at northern latitudes. In central Finland (62°N, 25°E) and
southeastern Finland (61°N, 28°E), there are on average
13.5 and 6.3 nights with subzero temperatures in the sum-
mer, respectively (based on over 40 years climatological
data from the Finnish Meteorological Institute; H Pohjan-
oksa, pers. comm.). After exposure, eggs were maintained
under the rearing conditions until hatching or else until
they were 14 days old. Control eggs were kept under rear-
ing conditions until they hatched.

Cold tolerance of larvae

To test whether larval cold tolerance differs with develop-
mental stage (see Neven, 2004), we exposed larvae of differ-
ent ages to —4 °C during the night period. First instars of
equal weight were divided into three experimental groups
within populations, according to the age at which they
were treated (1-2 days old: Nyargina = 130, Neentral = 733
9-10 days old: Nmarginal = 150, Neentral = 735 19-20 daYS

old: Nyarginal = 166, Neengral = 75), and one control group
(no cold exposure; Nmarginal = 1425 Neengral = 72). Siblings
(marginal: n = 19 females; central: n = 13 females) were
divided equally among these groups, creating a split-brood
design. Larvae, in individual Petri dishes, were transferred
directly from the rearing conditions to —4 °C for 3 h, after
which they were returned to the rearing conditions. The
subzero treatment was repeated the following day. Treat-
ment and control larvae were maintained under rearing
conditions until adulthood and fed daily with fresh potato
leaves (variety Van Gogh, grown in a greenhouse). We
measured their immediate larval mortality, development
time, weight at emergence (£ 1 mg) (on an AM100
balance; Mettler-Toledo Inc., Columbus, OH, USA), and
larval-to-adult survival.

Overwintering mortality

To examine the delayed impact of subzero treatment, we
recorded the adult overwintering success of both control
and experimental individuals. After emergence, adults
were allowed to eat for 3 weeks and were then moved to
plastic pots (3.8 ¢cm in diameter) containing peat for over-
wintering. Beetles were fed with potato leaves and main-
tained at the rearing temperature until they burrowed into
the soil, when they were transferred to the overwintering
conditions. Beetles overwintered in the dark at a constant
5 °C from September to May. The peat was watered once a
month to maintain adequate moisture. Overwintering
mortality was calculated by dividing the number of dead
beetles at the end of winter by the number of beetles alive
at the beginning of winter. Overall survival was also calcu-
lated by dividing the number of survivors after overwinter-
ing by the number of larvae at the beginning of the
experiment. We were thereby able to analyse the combined
effects of low summer temperatures and cold shock on
overwintering success.

Statistical analysis

Egg hatchability (%) was arcsine \x transformed, and ana-
lysed with one-way ANOVA. Larval-to-adult mortality
and overwintering mortality data were analysed with a bin-
ary logistic regression model with survival (alive/dead) as
dependent variable and population and treatment as cov-
ariates. The potential presence of differences among
experimental groups and between populations for devel-
opment time and adult weight was analysed with
ANCOVA. The hatching weight was taken as covariate, as
it affects many life-history traits (see, e.g., Mappes et al.,
1996). Population and experimental group were entered as
fixed factors. As a result of the significant interaction
between population and treatment in development
times, comparisons between populations and among



experimental groups were conducted with univariate tests.
Least Significant Difference (LSD) post-hoc tests were used
to compare the different treatments. All statistics were
computed with SPSS 14.0 (SPSS, Chicago, IL, USA).

Results

Effects of subzero treatment

Subzero treatment had no effect on egg hatchability
(one-way ANOVA: F; 4, = 0.129, P = 0.94). Hatchability
was 54.8% for the control eggs and 47.3 (2-3 days old),
54.9 (5-6 days), and 55.9% (8-9 days) for the experimen-
tal groups. Furthermore, subzero treatment had only
minor effects on larval mortality. Only 21 out of 667 larvae
(3.1%) died immediately after exposure to subzero treat-
ment. Thus, subzero treatment did not have any significant
effect.

Larval-to-adult mortality

Larval-to-adult mortality was very high but similar for all
larval stages, irrespective of whether larvae were exposed to
—4 °C or not (binary logistic regression: Wald = 0.543,
d.f. = 3, P = 0.91). This indicates that larval mortality was
not due to subzero treatment. Both populations suffered
equal overall larval-to-adult mortality (marginal 90.5%,
central 92.2%; Wald = 0.001, d.f. = 1, P = 0.98). In total,
802 out of 881 individuals (91.0%) died before the onset of
winter diapause. The interaction between treatment and
population was not significant (Wald = 2.635, d.f. = 3,
P = 0.45).

Beetle performance

As a result of the high mortality (>90%), the analysis of
life-history variables is only suggestive. Sexes did not differ
in development time (one-way ANOVA: F,;; = 0.105,
P = 0.75) but there was a significant interaction between
population and subzero treatment for development time
(two-way ANCOVA: F;;, = 3.541, P = 0.020; Table 1).

Table 1 Mean development time (days + SE) for control and
cold-exposed Leptinotarsa decemlineata larvae from the marginal
and central population
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This lends support to the hypothesis that the two popula-
tions respond differently to subzero treatment. Develop-
ment times differed among larval treatment groups in the
central population (univariate test: Fs;o = 3.533, P =
0.019), but not in the marginal population (F; ;o = 1.076,
P = 0.37). Larvae of the central population that were
exposed to —4 °C at the age of 19-20 days developed more
slowly than both control larvae (LSD: P = 0.010) and
other experimental individuals (19-20 vs. 1-2 days:
P = 0.002; 19-20 vs. 9-10 days: P = 0.018). Other differ-
ences were not significant (P>0.41 for all tests). Hatching
weight (covariate) had significant effects only in the
marginal population (F;5; = 6.735, P = 0.012; central:
Fi18 = 0.023, P = 0.881), where the lightest individuals
had the slowest development. Development times between
populations also differed (Table 1). Individuals from the
marginal population developed significantly faster than
those from the central population in the comparison of
control (F; ;9= 7.003, P =0.010) and 19-20-day-old
larvae experimental groups (F; 7o = 22.608, P<0.001). All
other differences were non-significant (P>0.096 for all
tests).

Adult males weighed less than females (ANCOVA:
Fy 60 = 15.179, P<0.001) (Table 2). There were no effects
of population (F; 49 = 0.001, P = 0.99), subzero treatment
(F360 = 1.275, P = 0.29), or hatching weight (covariate)
(Fi60 = 0.011, P = 0.92) on adult weight. Moreover, all
interactions were not significant (P>0.076 for all tests).

Overwintering mortality

Overwintering mortality, ie., the proportion of dead
beetles from the start of overwintering to its end, was high
(79.2%) but similar in both control and treatment groups
(binary logistic regression: Wald<0.001, d.f. = 3, P = 1.0).
This indicates that subzero treatment did not have a
delayed negative impact on beetles that increased their
overwintering mortality. Geographical variation in over-
wintering mortality was not detected, as marginal (77.1%)
and central (84.6%) populations suffered equally high

Table 2 Adult weight (mg + SE) of control and cold-exposed
Leptinotarsa decemlineata larvae

Age of larvae when

treated (days) Marginal (Russia) Central (Poland)

Age of larvae when

No exposure 54.0 + 0.81(12) 59.0 + 1.18 (6)

1-2 56.33 + 0.84 (12) 58.25 + 1.33(8)
9-10 56.36 + 1.30 (14) 59.83 + 1.52 (6)
19-20 54.72 + 0.92 (18) 66.0 + 252 (3)

treated (days) Females Males

No exposure 111.29 + 3.32(7) 89.46 + 4.14 (10)
1-2 109.86 + 4.23 (8) 88.82 + 3.55(12)
9-10 10145 + 2.14(11)  90.32 + 4.37 (9)
19-20 95.43 + 5.54 (6) 92.45 + 3.08 (14)

Sample sizes are in parentheses.

Populations have been pooled; sample sizes are in parentheses.
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mortality (Wald = 0.357, d.f. =1, P =0.55). Overall
survival for all individuals used in this experiment was low
(i.e., survival from first instar to overwintered adult): only
10 out of 881 (1.1%) survived to the following breeding
season. The interaction between treatment and population
was not significant (Wald = 0.039,d.f. = 1,P = 1.0).

Discussion

Subzero treatment had little effect on L. decemlineata. It
had no effect on egg hatchability and the immediate larval
mortality due to subzero treatment was very low (3.1%).
Furthermore, it was similar in all larval stages, suggesting
equal high cold tolerance during development. The result
was unexpected, as young larvae have been shown to be
the most vulnerable in some species (e.g., Neven, 2004)
although different development stages can be equally cold
tolerant in others (Koch et al., 2004). These results might
be explained by differences either in cold hardiness or in
the methods used. Mortality immediately following sub-
zero exposure was expected to be higher, as our treatment
was not accompanied by an acclimation period prior to
the transfer to —4 °C (Kelty & Lee, 1999; Powell & Bale,
2004; Rako & Hoffmann, 2006). Cold tolerance is some-
times improved by a low overall rearing temperature.
Rako & Hoftfmann (2006) exposed Drosophila melanoga-
ster Meigen to subzero temperatures and found that flies
reared at 19 °C had lower mortality than those reared at
25 °C. However, subzero treatment did not cause
increased mortality in L. decemlineata larvae reared at
23 °C (Heikkild & Perild, 2007), indicating that larvae are
cold tolerant even when reared at higher temperatures
than in the experiment presented here. Our unpublished
data further indicates that larvae can withstand even longer
exposure to subzero temperatures, as they survived 5 days
at—4 °C.

Larval-to-adult mortality was very high (>90%) which
could not be explained by exposure to subzero tempera-
ture as it was similar in the control individuals. It was
most likely due to the low rearing temperature. Under
these conditions, larvae were probably not able to eat
sufficiently (Ferro et al., 1985; Fei & Henderson, 2002;
Yee & Murray, 2004) and consequently, they suffered a
period of malnutrition resulting in high mortality and
small body size. This conclusion is supported by the fact
that these beetles weighed less on average than beetles
reared at 23 °C (females: 106 + 20.1 mg; males:
95 £ 15.4 mg; mean + SE) (Boman et al., 2008). Small
size, in turn, is often associated with high overwintering
mortality in insects (Barron & Wilson, 1998; Smith,
2002) because of insufficient body lipid reserves (Pullin,
1987; Zhou et al., 1995). Indeed, overwintering mortality

was higher than that of beetles reared under more
favourable conditions (average 23 °C: 40-60%; Boman,
2008). As the probability of establishment after invasion
increases with the propagule size (Grevstad, 1999; Mem-
mott et al., 2005), the high larval-to-adult and adult
overwintering mortality might limit beetles’ ability to
sustain populations in northern climates (Valosaari
et al., 2008). A few beetles did survive to adulthood,
however, which makes it at least theoretically possible
for beetles to establish populations under these harsh
conditions. There are cases in which the invasion of a
single mated female has resulted in successful establish-
ment (Grevstad, 1999; Memmott et al., 2005). More-
over, high mortality could be compensated by high
fecundity as one female can produce up to 1 500 eggs
during a breeding season (Jansson etal., 1989; S
Boman, pers. obs.). On the other hand, low ambient
temperature might decrease the fitness of surviving
beetles, diminishing the chances of successful establish-
ment as fecundity in insects is associated with body
size (Speight etal., 2008). Low fecundity, in turn,
might decrease the probability of successful invasion
(Kolar & Lodge, 2001; Sakai etal., 2001; Gaston,
2009).

Low average temperatures could result in cold adapta-
tion, which produces individuals with higher fitness than
those beetles from warmer climates reared at low tem-
peratures (Karlsson & Wiklund, 2005). Local adaptation
to cold tolerance was not detected. The populations stu-
died differed only in development times, as the beetles
from the marginal area developed faster than those from
the central area (Table 1). Despite the small sample size
due to high larval mortality, these results were consistent
with results from an earlier study in which we tested the
performance of individuals from four European popula-
tions and in which we showed that the beetles of northern
origin developed faster than those from the southern part
of the species’ range (Boman et al., 2008). Mortality
(immediately following exposure to cold and survival to
adulthood), adult weight, and overwintering mortality
did not differ between populations. Several mechanisms
potentially account for the observed lack of differences,
from pre-adaptation to cold from their original area of
distribution in a mountainous region in Mexico (Casa-
grande, 1987) to the presence of trade-offs as observed in
Drosophila simulans Sturtevant (Watson & Hoffmann,
1996) and the loss of genetic variation when they invaded
Europe (Grapputo et al., 2005) with consequent limited
ability to respond to selection by cold (Hoffmann &
Blows, 1994). We should note that, here, we had only one
population from the centre of the European range
(Poland) and thus these results are merely indicative. To



study clinal variation more precisely, we would need
several populations from different parts of the range as
undertaken by, for example, Jenkins & Hoffmann (1999)
and Hoffmann et al. (2001, 2002). This limitation should
be kept in mind when interpreting our results on
between-population differences.

In conclusion, night frost during the growing season per
se cannot limit the beetle’s northern expansion as it did
not result in mortality or small adult size. This suggests
higher cold tolerance in L. decemlineata than in other
insects. Drosophila serrata Malloch showed 95% mortality
after exposure to —2 °C for 3 h and thus frosts likely limit
its distribution (Jenkins & Hoffmann, 1999). High cold
tolerance may have enabled L. decemlineata to occupy
large areas, as predicted by Brown’s hypothesis (Brown,
1984) and shown experimentally in Agabus beetles (Calosi
et al.,, 2008). We did not take into account the indirect
effects of subzero temperatures. Night frost can damage
potato leaves (Francois et al., 1999), reducing beetles’ food
supply. Reduced food supply would, in turn, decrease
beetle performance and, consequently, diminish establish-
ment success. Such effects of subzero temperatures on
animals’ survival via loss of food have been reported in
other species (Inouye, 2000).

The lack of local adaptation does not suggest the inabil-
ity to increase tolerance through evolutionary processes,
but more likely the pre-adaptation to withstand subzero
temperatures as discussed above. Low ambient tempera-
ture could retard invasion, as it caused high mortality and
successful invasion would require a large propagule size
(Grevstad, 1999; Memmott et al., 2005). The possibility
that periodical lower-than-average summer conditions
(13 °C in our experiment) limit the emergence of viable
populations cannot be ruled out. Additive genetic varia-
tion in life-history traits among families within popula-
tions was not estimated in this study. Our earlier studies
have shown that L. decemlineata have adaptive genetic
variation to accelerate their development (Boman et al.,
2008; Lyytinen et al., 2008), and thus it is possible that bee-
tles also possess the capacity to improve their ability to
grow at low temperatures. At the very least, however, bee-
tles near the northern border of their current range do
have a shorter development time than those from the
southern part of the range and the beetles have, thus,
shown evolutionary capacity to respond to selection by
climatic factors (Boman et al., 2008; this paper).

Acknowledgements

We are grateful to Miia Koivula and Jonna Timonen for
assistance and Max Iversen and anonymous reviewer for
their useful comments on a previous version of the manu-

Temperature extremes and invasion 97

script. This experiment was done with the permission
(Dnro 14/420/2004) of the Finnish Food Safety Authority
(EVIRA). The Academy of Finland (project numbers:
105926 and 102292 to LL, and 103201 and 108335 to AL)
and the Finnish Ministry of Agriculture and Forestry (to
JM) financed the study.

References

Bahrndorff S, Holmstrup M, Petersen H & Loeschcke V (2006)
Geographic variation for climatic stress resistance traits in the
springtail Orchesella cincta. Journal of Insect Physiology 52:
951-959.

Barron A & Wilson K (1998) Overwintering survival in the seven
spot ladybird, Coccinella septempunctata (Coleoptera: Cocci-
nellidae). European Journal of Entomology 95: 639-642.

Boiteau G & Coleman W (1996) Cold tolerance in the Colorado
potato beetle, Leptinotarsa decemlineata (Say) (Coleoptera:
Chrysomelidae). The Canadian Entomologist 128: 1087-
1099.

Boman S (2008) Ecological and genetic factors contributing to
invasion success. The northern spread of the Colorado potato
beetle (Leptinotarsa decemlineata). PhD Dissertation, Univer-
sity of Jyvaskyld, Jyvaskyld, Finland.

Boman S, Grapputo A, Lindstrom L, Lyytinen A & Mappes ]
(2008) Quantitative genetic approach for assessing invasive-
ness: geographic and genetic variation in life-history traits.
Biological Invasions 10: 1135-1145.

Brown JH (1984) On the relationship between abundance
and distribution of species. The American Naturalist 124:
255-279.

Calosi P, Bilton D, Spicer ] & Atfield A (2008) Thermal tolerance
and geographical range size in the Agabus brunneus group of
European diving beetles (Coleoptera: Dytiscidae). Journal of
Biogeography 35: 295-305.

Casagrande RA (1987) The Colorado potato beetle: 125 years of
mismanagement. Bulletin of the Entomological Society of
America 33: 142—-150.

Chen B & Kang L (2004) Variation in cold hardiness of Liriomyza
huidobrensis (Diptera: Agromyzidae) along latitudinal gradi-
ents. Environmental Entomology 33: 155-164.

Chown SL & Nicolson SW (2004) Insect Physiological Ecology.
Mechanisms and Patterns. Oxford University Press, New York,
NY, USA.

Crozier L (2004) Warmer winters drive butterfly range expansion
by increasing survivorship. Ecology 85: 231-241.

Danks HV (2005) Key themes in the study of seasonal adaptations
in insects I. Patterns of cold hardiness. Applied Entomology
and Zoology 40: 199-211.

Drebs A, Nordlund A, Karlsson P, Helminen J & Rissanen P
(2002) Climatological Statistics of Finland 1971-2000. Finnish
Meteorological Institute, Helsinki, Finland.

EPPO (2006) Distribution maps of quarantine pests for Europe,
Leptinotarsa decemlineata. http://www.eppo.org/DATABASES/
databases.htm.



98 Lyytinen et al.

Fei H & Henderson G (2002) Formosan subterranean termite
(Isoptera: Rhinotermitidae) wood consumption and worker
survival as affected by temperature and soldier proportion.
Environmental Entomology 31: 509-514.

Ferro DN, Logan JA, Voss RH & Elkinton JS (1985) Colorado
potato beetle (Coleoptera: Chrysomelidae) temperature-
dependent growth and feeding rates. Environmental Entomol-
ogy 14: 343-348.

Francois C, Bosseno R, Vacher JJ & Seguin B (1999) Frost risk
mapping derived from satellite and surface data over the
Bolivian Altiplano. Agricultural and Forest Meteorology 95:
113-137.

Gaston KJ (2003) The Structure and Dynamics of Geographic
Ranges. Oxford University Press, New York, NY, USA.

Gaston KJ (2009) Geographic range limits of species. Proceedings
of the Royal Society of London, Series B: Biological Sciences
276:1391-1393.

Grapputo A, Boman S, Lindstrom L, Lyytinen A & Mappes
J (2005) The voyage of an invasive species across conti-
nents: genetic diversity of North American and European
Colorado potato beetle populations. Molecular Ecology
14: 4207-4219.

Grevstad FS (1999) Experimental invasions using biological con-
trol introductions: the influence of release size on the chance of
population establishment. Biological Invasions 1: 313-323.

Griffith TM & Watson MA (2006) Is evolution necessary for
range expansion? Manipulating reproductive timing of a
weedy annual transplanted beyond its range. The American
Naturalist 167: 153-164.

Heikkild T & Perild K (2007) Combined Effects of Cold and Pes-
ticide Stress on the Growth and Survival of the Colorado
Potato Beetle (Leptinotarsa decemlineta) Larvae. BSc Thesis,
University of Jyviskyld, Jyvaskyld, Finland.

Hoffmann AA & Blows M (1994) Species borders: ecological and
evolutionary perspectives. Trends in Ecology and Evolution 9:
223-227.

Hoffmann AA, Hallas R, Sinclair C & Mitrovski P (2001) Levels
of variation in stress resistance in Drosophila among strains,
local populations, and geographic regions: patterns for desicca-
tion, starvation, cold resistance, and associated traits. Evolu-
tion 55: 1621-1630.

Hoffmann AA, Anderson A & Hallas R (2002) Opposing clines
for high and low temperature resistance in Drosophila melano-
gaster. Ecology Letters 5: 614—618.

Inouye DW (2000) The ecological and evolutionary significance
of frost in the context of climate change. Ecology Letters 3:
457-463.

Jansson RK, Zitzman AE Jr & Lashomb JH (1989) Effects of food
plant and diapause on adult survival and fecundity of Colora-
do potato beetle (Coleoptera: Chrysomelidae). Environmental
Entomology 18: 291-297.

Jenkins NL & Hoffmann AA (1999) Limits to the southern border
of Drosophila serrata: cold resistance, heritable variation, and
trade-offs. Evolution 53: 1823-1834.

Karlsson B & Wiklund C (2005) Butterfly life history and tem-
perature adaptations; dry open habitats select for increased

fecundity and longevity. Journal of Animal Ecology 74: 99—
104.

Kelty JD & Lee RE (1999) Induction of rapid cold hardening by
cooling at ecologically relevant rates in Drosophila melanogas-
ter. Journal of Insect Physiology 45: 719-726.

Klok CJ & Chown SL (2001) Critical thermal limits, temperature
tolerance and water balance of a sub-Antarctic kelp fly, Para-
ctora dreuxi (Diptera: Helcomyzidae). Journal of Insect Phy-
siology 47: 95-109.

Koch RL, Carrillo MA, Venette RC, Cannon CA & Hutchison
WD (2004) Cold hardiness of the multicolored Asian lady bee-
tle (Coleoptera: Coccinellidae). Environmental Entomology
33:815-822.

Kolar CS & Lodge DM (2001) Progress in invasion biology: pre-
dicting invaders. Trends in Ecology and Evolution 16: 199—
204.

Lyytinen A, Lindstrom L & Mappes J (2008) Genetic variation in
growth and development time under two selective environ-
ments in Leptinotarsa decemlineata. Entomologia Experimen-
talis et Applicata 127: 157-167.

Mappes ], Kaitala A & Rinne V (1996) Temporal variation in
reproductive allocation in a shield bug (Elasmostethus inter-
stinctus). Journal of Zoology 240: 29-35.

Memmott J, Craze PG, Harman HM, Syrett P & Fowler SV
(2005) The effect of propagule size on the invasion of an alien
insect. Journal of Animal Ecology 74: 50-62.

van der Merwe M, Chown SL & Smith VR (1997) Thermal toler-
ance limits in six weevil species (Coleoptera, Curculionidae)
from sub-Antarctic Marion Island. Polar Biology 18: 331-336.

Mousseau TA & Dingle H (1991) Maternal effects in insect life
histories. Annual Review of Entomology 36: 511-534.

Neven LG (2004) Effects of low temperature on egg and larval
stages of the lesser appleworm (Lepidoptera: Tortricidae).
Journal of Economic Entomology 97: 820-823.

Powell S] & Bale JS (2004) Cold shock injury and ecological costs
of rapid cold hardening in the grain aphid Sitobion avenae
(Hemiptera: Aphididae). Journal of Insect Physiology 50: 277—
284.

Pullin AS (1987) Adult feeding time, lipid accumulation, and
overwintering in Aglais urticae and Inachis io (Lepidoptera:
Nymphalidae). Journal of Zoology 211: 631-641.

Rako L & Hoffmann AA (2006) Complexity of the cold acclima-
tion response in Drosophila melanogaster. Journal of Insect
Physiology 52: 94-104.

Sakai AK, Allendorf FW, Holt JS, Lodge DM, Molofsky J et al.
(2001) The population biology of invasive species. Annual
Review of Ecology and Systematics 32: 305-332.

Sinclair B (1997) Seasonal variation in freezing tolerance of the
New Zealand alpine cockroach Celatoblatta quinquemaculata.
Ecological Entomology 22: 462—467.

Smith RJ (2002) Effect of larval body size on overwinter survival
and emerging adult size in the burying beetle, Nicrophorus
investigator. Canadian Journal of Zoology 80: 1588-1593.

Speight MR, Hunter MD & Watt AD (2008) Ecology of Insects:
Concepts and Applications, 2nd edn. Wiley-Blackwell, Oxford,
UK.



Tauber M]J, Tauber CA, Obrycki JJ, Gollands B & Wright R
(1988) Voltinism and the induction of aestival diapause in the
Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera:
Chrysomelidae). Annals of the Entomological Society of
America 81: 714-754.

Tesar D & Scriber JM (2002) Growth season constraints in cli-
matic cold pockets: tolerance of subfreezing temperatures
and compensatory growth by tiger swallowtail butterfly lar-
vae (Lepidoptera: Papilionidae). Holarctic Lepidoptera 7: 39—
44,

Tullett A, Hart A, Worland M & Bale J (2004) Assessing the effects
of low temperature on the establishment potential in Britain of
the non-native biological control agent Eretrmocerus eremicus.
Physiological Entomology 29: 363-371.

Turnock WJ & Fields PG (2005) Winter climates and coldhardi-
ness in terrestrial insects. European Journal of Entomology
102: 561-576.

Temperature extremes and invasion 99

Valosaari K-R, Aikio S & Kaitala V (2008) Spatial simulation
model to predict the Colorado potato beetle invasion under
different management strategies. Annales Zoologici Fennici 45:
1-14.

Watson MJO & Hoffmann AA (1996) Acclimation, cross-genera-
tion effects, and the response to selection for increased cold
resistance in Drosophila. Evolution 50: 1182-1192.

Worland MR & Convey P (2001) Rapid cold hardening in Ant-
arctic microarthropods. Functional Ecology 15: 515-524.

Yee EH & Murray SN (2004) Effects of temperature on activity,
food consumption rates, and gut passage times of seaweed-eat-
ing Tegula species (Trochidae) from California. Marine Biol-
ogy 145: 895-903.

Zhou X, Honek A, Powell W & Carter N (1995) Variations in
body length, weight, fat content and survival in Coccinella sep-
tempunctata at different hibernation sites. Entomologia
Experimentalis et Applicata 75: 99-107.



